Imidazolium salts are shown to catalyze the rapid room temperature reaction of indoles or naphthol with aldehydes to provide bis(indolyl)methanes or bis(naphthol)methane in excellent yields and the reaction proceeds optimally in dichloromethane with no base additives. The reaction exhibits a broad substrate tolerance and occurs through nucleophilic activation of the indoles and naphthols through a cation-π interaction.
Introduction
Bis(indolyl)methane and its derivatives constitute a structurally fascinating and important class of heterocyclic compounds present in many natural products isolated from marine and terrestrial organisms (Fig 1) . [1, 2] These compounds are a rich source of antitumor and antibacterial agents. [3] [4] [5] For instance, Gu and co-workers isolated two new indole alkaloids, arsindoline A and B with promising antitumor activities from a marine-derived Aeromonas bacterial strain CB101. [6] In 1994, Kobayashi and co-workers isolated trisindoline, an antibiotic indole trimer from a Vibrio sp. living symbiotically within the marine sponge Hyrtios altum. [7] Though vibrindole A was isolated from a natural source in 1994, it has been known as a synthetic product since 1963. [8, 9] Recently, Li and co-workers found the tetraindole compound, FCW81, which displayed efficacy in a xenograft model of human breast cancer by inhibiting growth and more importantly blocking cancer cell metastasis. [10, 11] In 2017, Müller and co-workers reported the bis(indolyl)methane alkaloid, PTS-16671 as a potent GPR84 agonist (EC 50 41 nM) that demonstrated increased stability relative to their initial lead compound. [12] Motivated by the above-mentioned pharmacological activities of bis(indolyl)methanes, many synthetic methods have been described in the literature for preparing this class of compounds. The traditional methods of synthesizing bis(indolyl)methanes involve the activation of aldehydes using Brønsted acids [13, 14] or Lewis acids [15] [16] [17] [18] [19] [20] [21] . However, the catalysts employed are moisture sensitive and are easily decomposed or deactivated in the presence of even a small amount of water. In recent years, many new catalysts have been used to synthesize a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 bis(indolyl)methanes including ammonium salt or borate salts [22, 23] , ionic liquids [24, 25] , iodine [26] , heterogeneous nanoparticles [27] [28] [29] and enzymes [30] . However, these methods involve use of harsh reaction conditions as well as toxic or expensive reagents. Moreover, the substrate scope was not thoroughly explored for many of the reported reaction conditions. Development of a waste-free synthetic protocol would be of great use for the economical and practical laboratory synthesis of these compounds. In particular, any new method should ideally demonstrate a broad substrate scope in order to explore the medicinal chemistry of this scaffold.
On the other hand, to the best of our knowledge, the reaction mechanism of bis(indolyl) methanes synthesis described is based on the activation of the electrophile aldehyde rather than the nucleophile indole. If the synthesis of such compounds can be achieved by activation of the nucleophile, then we hypothesize the substrate scope can be expanded to include other electron-rich aromatics such as naphthol.
Imidazolium salts (and analogues) have been studied as organocatalysts for the double addition of alcohol to an aldehyde. [31, 32] In 2014, Tamamura and co-workers reported a simple method to access 3-substituted indoles employing an imidazolium salt that catalyzed Friedel-Crafts type conjugate additions. [33] The reactions were carried out under mild condition, without bases, solvents or formation of N-heterocyclic carbenes (NHCs). Through detailed mechanistic studies, the potential mechanism was explained through the dual activation of indole by the cation-π interaction of imidazolium cation with indoles and Lewis base activation by the chloride anion derived from the imidazolium salts. Although acidic imidazolium species have been used as catalysts to afford bis(indolyl)methanes, the mechanism is likely Brønsted acid mediated. [24, [34] [35] [36] To the best of our knowledge, the imidazolium salt-catalyzed direct addition process to simple ketones or aldehydes has not yet been reported by cation-π interactions. We thus set out to extend this reaction to efficiently construct bioactive bis (indolyl)methanes employing aldehydes as electrophiles (Fig 2) .
Results and discussion
We first undertook the screening of the azolium catalysts, including imidazolium, triazolium and thiazolium salts. Results from our catalyst evaluation are shown in Fig 3. In the absence of base, catalyst 1a and 1e afforded the desired product 4a in moderate yields (entries 1, 5), while only trace amounts of product were obtained with triazolium catalysts 1b, 1c and 1d (entries 2, 3, 4). The result shows that the nature of the azolium salts is critical: imidazolium and thiazolium salts are effective catalysts, whereas the triazolium salt proved to be unproductive. Based on these findings, we further investigated other reaction parameters, such as ammonium salts, solvent and base, in order to achieve a higher chemical yield. Examination of a range of ammonium salts revealed that ammonium chloride and tetrabutylammonium fluoride did not promote the reaction (entries 6, 7). The use of other solvents, such as tetrahydrofuran and dichloromethane, resulted in enhanced yields with dichloromethane affording the desired compound 4a in an impressive 95% isolated yield (entries 8, 10). The equivalent ratio of compounds 2 and 3 was adjusted to 2:1 that is a more proper condition for maximizing the usage of reagents and the yield remained unchanged (entry 11). The yield was greatly reduced under neat conditions (entry 9). The reaction was also found to be incompatible with an amine base such as 1,8-diazabicyclo [5.4 .0]undec-7-ene (DBU), which led to generation of the N-heterocyclic carbene of 1a and provided 2-hydroxy-1,2-diphenylethanone as a major product through the process of benzoin reaction as reported previously and only trace amounts of the desired product (entry 12). [37] This result indicates that the weak alkalinity of indole does not induce NHC formation, unlike other organic bases. Thus the product is formed by a direct addition reaction (conjugate acid of DBU: pKa 12.0, conjugate acid of indole: pKa 0.4). As a negative control, we confirmed the reaction did not occur in the absence of the catalyst 1a (entry 14). Decreasing the catalyst loading from 10 mol% to 5 mol% reduced the yield from 95% to 83% (entry 15) demonstrating 10 mol% is required to achieve optimal conversion. With the optimal conditions in hand, we next sought to explore the scope of the aldehydes in this new imidazolium salt-catalyzed Friedel-Crafts type reaction. As shown in Fig 4, a diverse array of electron-donating and electron-withdrawing benzaldehydes with a variety of functional groups (ethyl, phenyl, halide, hydroxyl, methoxy, phenoxy, nitro and cyano) performed well in this dual-addition reaction. The corresponding products (4b-4g) were isolated in excellent yields ranging from 85-96%. Notably, this method was compatible with aliphatic aldehydes (heptanal, cyclohexylcarbaldehyde, pyruvaldehyde), giving the desired products in moderate yields (4k-4m). Moreover, even unsaturated aldehyde substrates (cinnam aldehyde, citral) reacted through selective addition to carbonyl groups over conjugate addition (4n and 4o). However, acrolein can give a triindole substituted product through conjugate addition and direct addition. While our method is effective for alkyl and aromatic/heterocyclic aldehydes, it fails for formaldehyde, acetaldehyde and acetophenone. The generality of the reaction with respect to the substituents on the indoles was also investigated (Fig 5) . The methyl-substituted indoles at the 1-or 2-position did not affect the reaction due to the protection of the nitrogen or steric hindrance. On the contrary, the corresponding products were afforded in high yields (5a and 5b) . Surprisingly, the 3-methyl indole provided an addition product at the 1-position in a moderate yield (5c). The result differs from the known method of regioselectively producing (2,2 0 -bis-3-methylindolyl)methanes using ionic liquids under microwave irradiation condition, [38] possibly due to the catalytic process mediated by the cation-π interaction of an indole/imidazolium complex. The structure of 5c was determined by two dimensional NMR (HSQC, HMBC. S1 File). Both electrondonating and electron-withdrawing substituents were accommodated on the indole ring furnishing excellent yields (5d-5f). 1-Naphthol was also explored as alternate nucleophilic substrate and yielded 5g through a dual-addition reaction at the C2 and C4 of 2-naphthol, respectively. The product was confirmed by comparison to the reported NMR data for this compound, prepared through an alternate route. [39] a Reaction conditions: A mixture of aldehyde (0.5 mmol, 1.0 equiv), catalyst (10 mol%, 0.2 equiv), indole (1.0 mmol, 2.0 equiv), in solvent (5.0 mL) was stirred at room temperature for 1h. b Isolated yield after flash chromatography.
Meanwhile, we used this method to synthesize the natural product arsindoline A. Although the reaction time was prolonged and the yield was moderate, this effectively expands the scope of heterocyclic substrate. (Fig 6) In their previous report, Tamamura and co-workers showed that imidazolium salts activated indoles through a cation-π interaction by 1 H NMR and deuterium labeling studies. [33] To confirm the imidazolium salts were not activating benzaldehyde, we monitored the chemical shift of the C2 proton of the imidazolium salt and the CHO proton of the aldehyde. However, a significant change was not observed by 1 H NMR (Fig 7) indicating the aldehyde did not interact with the imidazolium salts.
A plausible reaction mechanism is shown in Fig 8. Based on the results of Tamamura's mechanistic studies, we propose a catalytic process involving cation-π interaction of an indole/imidazolium complex, which increases the acidity of the indole, enabling deprotonating of the complex by the chloride anion. The intermediate (1H-indol-3-yl)(aryl)methanol is expected to ionize to an indolylphenylmethyl cationic species based on literature precedent, [40] [41] [42] which rapidly reacts with another molecule of indole to furnish the isolated bis(indolyl)methanes products. The inability to isolate the intermediate (1H-indol-3-yl)(aryl)methanol suggests the second step is very rapid.
Conclusions
Although imidazolium salts are often used as precursors for NHC catalysts, the reaction of imidazolium salts as organocatalysts has rarely been applied. Herein, we have shown imidazolium Development of an imidazole salt catalytic system for the preparation of bis(indolyl)methanes Development of an imidazole salt catalytic system for the preparation of bis(indolyl)methanes salts provide a mild and efficient catalytic system for the electrophilic substitution reactions of indoles with a variety of carbonyl compounds to afford bis(indolyl)methanes. Furthermore, this method tolerates a wider substrate scope than other reactions to this important class of compounds and even allows utilization of 3-methyl-1H-indole and 1-naphthol nucleophiles. In summary, we have further expanded the reaction scope of imidazolium salt catalyzed dual activation addition reactions. Development of an imidazole salt catalytic system for the preparation of bis(indolyl)methanes
Materials and methods

General information
Chemicals, catalysts and solvents were purchased from commercial suppliers and used as received. 1 H, 13 C spectra were recorded on a Bruker AVANCE III 400 (400 MHz), JEOL ECZ 400S (400 MHz) spectrometer. Chemical shifts were reported in parts per million (ppm), and the residual solvent peak was used as an internal reference: proton (CDCl 3 δ 7.26), carbon (CDCl 3 δ 77.16) was used as a reference. Multiplicity was indicated as follows: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), dd (doublet of doublet), br s (broad singlet). Coupling constants were reported in Hertz (Hz). Coupling constants, J, are quoted in Hz and recorded to the nearest 0.1 Hz. Assignments (detailed in the supporting information) were 
General procedure for the synthesis of bis(indolyl)methanes and bis (naphthyl)methane
An oven-dried 20 mL Schlenk flask was charged with triazolium salt (0.1 mmol, 0.2 equiv), indole derivatives or naphthol (1.0 mmol, 2.0 equiv). A solution of the aldehyde (0.5 mmol, 1.0 equiv, 5.0 mL, 0.1 M in CH 2 Cl 2 ) was then added via syringe. The reaction mixture was stirred at room temperature for 1 h. Next, the reaction was quenched with water and the aqueous mixture was extracted with EtOAc (10 mL × 3). The extracts were combined, dried with MgSO 4 , and concentrated to afford the residue, which was chromatographed on silica gel (15 g, 20:1-3:1 PE/EA) to give bis(indolyl)methanes or bis(naphthyl)methane.
3,3'-(Phenylmethylene)bis(1H-indole) (4a). Condensation of indole and benzaldehyde using the general method afforded the title compound (154 mg, yield 95%) as a red solid. R f = CDCl 3 ) δ 28.9, 48.1, 111.2, 113.6, 119.2, 119.7, 122.3, 123.3 
